The sequencing of individual chromosomes of common wheat is in progress. The molecular size of wheat chromosome 5B is nearly 870 Mb (5BL = 580 Mb and 5BS = 290 Mb). We produced the first low coverage 454-sequencing of the long and short arms of wheat chromosome 5B (110,793 and 39,695 reads, which compose 8 and 6% of total 5BL and 5BS length, respectively) and calculated the ratios of the different families of repetitive sequences, including transposable elements (TEs), satellite repeats (Afa, pSc119.2, 5S rDNA and 45S rDNA), and microsatellites, as well as direct and inverted repeat motifs. The TEs accounted for 70% of the total analyzed nucleotide sequences. The content of the Cereba retrotransposon family differed between the two arms of chromosome 5B. Comparing the reads of chromosome 5B with the data from chromosome 5A, we found the retrotransposons Fatima and Sakura and DNA transposon Jorge were prevalent in 5B. The hypothetical coding sequences accounted for 2.0% of the short arm and 2.07% of the long arm. Using in silico mapping, we identified the regions of synteny with rice and Brachypodium chromosomes (1,073,526 and 1,767,298 bp aligned, respectively), and the result was consistent with the data from the expressed sequence tag (EST) mapping of wheat 5B chromosome to the genomes of these grasses. Thus, these results show that low coverage survey sequencing can provide useful information about the composition and evolution of wheat chromosome 5B.
T he common wheat (Triticum aestivum L., 2n = 6x = 42) is an allohexaploid composed of three different genomes (AABBDD) that originated from T. urartu Thum. (AA), an Aegilops species related to the Sitopsis section (presumably Ae. speltoides Tausch) (BB), and Ae. tauschii Coss. (DD) . Triticum aestivum is a relatively young polyploid derived from two successive interspecific crosses dated approximately 0.5 million years ago and 8,000 to 10,000 yr ago. Bread wheat has a large genome of 17,000 Mb, which mainly consists of repetitive DNA sequences of different origin, and 90% of the genome is reiterative, 80% of which is composed of TEs (Paux et al., 2006; Choulet et al., 2010; Brenchley et al., 2012) . For these reasons, sequencing the wheat genome is a challenge, for which the international scientific community has established the International Wheat Genome Sequencing Consortium. To solve the problem of polyploidy in the wheat genome, the Consortium relies on the separation of the chromosomal arms by flow cytometric sorting, which makes it possible to sequence individual chromosomes and chromosomal arms (Doležel et al., 2007) .
The development of the next generation sequencing methods can help overcome the lack of information about molecular composition of various plant genomes. The method of 454-pyrosequencing gives a maximum average read length of 500 bp. The procedure is cloningfree and, hypothetically, provides random sequence sampling across the genome. However, even using coverage > 10 genome equivalents, it remains impossible to obtain a high-standard reference sequence of the large plant genomes due to the abundance of repetitive sequences, duplications, and polyploidy.
Nevertheless, next generation sequencing approaches provide a powerful tool for performing a fast characterization of the main features of complex plant genomes, including those that have been poorly studied. To study these genomes or the structure of individual chromosomes, chromosome shotgun sequencing can also be used ). This method can be used to discover and characterize DNA repeats, to explore the coding sequences, and to develop new molecular markers that can potentially be useful in genome mapping, the anchoring of physical maps, analyzing genetic diversity, and phylogenetic studies.
The investigation of repetitive DNA sequences is of great interest. Information such as the ratios of the different families of TEs helps elucidate the molecular mechanisms that shape the architecture and function of complex plant genomes. The study of satellite repeat structures that are repeated in tandem arrays in the genome is also a subject of interest. Satellite repeats that include a group of microsatellites (motif length 1 to 6 bp) are widely distributed throughout eukaryotic genomes (Tautz and Renz, 1984) . The DNA sequences surrounding the microsatellites are unique, and thus represent valuable molecular genetic markers. Other, longer satellite repeats can be valuable cytogenetic markers, as they may be localized at specific chromosomal regions, such as those found in wheat (pSc119.2, Afa, Spelt1, Spelt52) (Schneider et al., 2003; Salina et al., 2006) .
A number of successful studies using the Roche 454 and Illumina (Solexa) sequencing methods demonstrated that low genomic coverage can give an adequate representation of the composition and the ratios of the repetitive sequences. For example, Macas et al. (2007) successfully used the 454-sequencing method on 0.77% of the nuclear genome of pea (Pisum sativum L.) to characterize its repetitive DNA. Despite the relatively small proportion of sequenced DNA, the authors identified and characterized the majority of the retrotransposons and discovered thirteen new families of tandemly organized repeats, and calculated their part and mutual ratio in the genome. Similar studies have been performed in soybean (7.5% of the genome, Swaminathan et al., 2007) , banana (Musa acuminata Colla, 100 Mb of sequence corresponding to 0.15× genome coverage, Hřibová et al., 2010) , barley (Hordeum vulgare L., 1% of the genome, , and bread wheat chromosome 5A (2× coverage, Vitulo et al., 2011) .
Different approaches can be used to analyze the proportion of repeats in the sequence data. For genomes with extensive databases of existing repeats, such as barley, straightforward comparisons with the databases could be performed ). For poorly studied genomes for which databases of repeats are not extensive, a different approach called "similarity-based clustering" was proposed by Macas et al. (2007) . In this case, repeat detection is based on the evaluation of the frequencies of identical or similar sequence reads, which can increase with the genomic copy number of the corresponding repetitive elements (Macas et al., 2007; Swaminathan et al., 2007) . Using this strategy, it was possible to identify and characterize the major groups of repeats in Silene latifolia (Macas et al., 2011) .
On the contrary, the study of the coding fraction of the genomes requires significant support in the form of well-characterized reference genomic sequences, such as those of rice (Oryza sativa L.), Brachypodium distachyon (L.) P. Beauv., or Sorghum bicolor (L.) Moench. It has been known for a long time that the orders of the genes in the grass genomes are highly collinear (Moore et al., 1995) . Therefore, it is possible to arrange the genes in the genome under study in a "virtual" order based on syntenic relationships with known reference genomic sequences (the so-called GenomeZipper approach; Mayer et al., 2009 ). For barley, 21,766 genes were assembled from Illumina reads and arranged in a putative linear order using a conservative synteny model with the characterized genomes of rice, sorghum, and Brachypodium (Mayer et al., 2011) .
A similar strategy was applied for bread wheat: for chromosome 5A, 1.08 and 1.3% of the sequences representing the coding fraction of the short and long arms, respectively, were assembled, and 5000 genes were predicted and placed using the "genome zipper" in a way that was consistent with previous data from EST mapping (Vitulo et al., 2011) . For chromosomes 3A and 4A (Hernandez et al., 2012) , the same approach was successfully applied, providing a valuable and robust framework for the development of novel strategies in cereal breeding (Mayer et al., 2011; Martis et al., 2013) .
To date, such information is not available for wheat chromosome 5B, even though it bears several important genes, such as Ph1, which is critical for correct mitosis and meiosis in the allopolyploid species (Griffiths et al., 2006) , SKr and Kr1, which control wheat-rye (Secale cereale L.) crossability (Alfares et al., 2009) , the hybrid necrosis Ne1 (Chu et al., 2006) and the response to vernalization Vrn-B1 (Barrett et al., 2002) , as well as genes that control resistance to various pathogens, including Tsn1 (Liu et al., 2006) and Snn3 (Friesen et al., 2008) , which confer sensitivity to SnToxA and PtrToxA and to SnTox3, respectively.
The size of the chromosome 5B is close to 900 Mb (Šafář et al., 2010) , of which 290 Mb is found in the short arm (5BS) and 580 Mb is in the long (5BL), and the chromosome can be easily characterized using cytological markers, such as the satellite repeats Afa (Nagaki et al., 1995; Schneider et al., 2003 ), pSc119.2 (McIntyre et al., 1990 Schneider et al., 2003) , and 5S rDNA (Gerlach and Dyer, 1980; Mukai et al., 1990) , as well as large blocks of (GAA) n microsatellites that are located in the centromeric heterochromatin and in a distinct block on 5BL (Cuadrado and Schwarzacher, 1998) . These regions are difficult to sequence; for example, in humans, the regions containing the blocks of satellite repeats, such as a-satellite repeats in the centromeric regions, were not covered because of their highly repetitive nature, which makes them largely refractory to cloning and sequencing (Song et al., 2001; International Human Genome Sequencing Consortium, 2004) . Theoretically, the application of 454-sequencing technology, which gives a more even representation of the genome and does not involve cloning steps, should cover these areas.
In this work, we provide the first low-coverage 454-sequencing of the long and short arms of chromosome 5В of wheat (110,793 and 39,695 reads that represent 8 and 6% of the total 5BL and 5BS, respectively) and examined the ratios of the major families of repetitive sequences and the syntenic relationships of chromosome 5B with other grass genomes to obtain a better picture of the structural organization of wheat chromosome 5B.
Materials and Methods

Purification of Chromosome Arms using Flow Cytometry
Seeds of T. aestivum 'Chinese Spring' double ditelosomic line 5B (2n = 40 + 2t5BS + 2t5BL) and deletion line carrying iso5BL chromosome (2n = 40 + 2iso5BL) were provided by Prof. Adam Lukaszewski (University of California, Riverside). The seeds were germinated and aqueous suspensions of mitotic metaphase chromosomes were prepared from synchronized root meristems as described earlier (Vrána et al., 2000 (Vrána et al., , 2012 . The chromosome suspensions were stained by 4¢, 6 diamidino-2-phenylindol (DAPI, 2 mg/mL) and analyzed at rate of 1500 to 2000/s using FACSAria II SORP flow sorter (BD Biosciences, San José, CA). Chromosome arms were sorted at rate of about 20/s. The contamination of sorted fractions by other chromosomes was determined after analyzing samples of 1000 chromosomes sorted onto microscopic slide by fluorescence in situ hybridization (FISH) with a probe for GAA microsatellite (Kubaláková et al., 2003) . For DNA sequencing, two independent samples of each chromosome arm, representing 50 ng DNA (84,000 and 21,000 copies of 5BS and iso5BL, respectively) were sorted into 40 mL sterile deionized water in 0.5 mL PCR tube, purified, and pooled. DNA amplification by illustra GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Piscataway, NJ) was done as described by Šimková et al. (2008) . Three samples of DNA amplified from each arm were pooled to reduce possible amplification bias and 5mg DNA was used for sequencing.
DNA Sequencing
DNA amplified from both arms was sequenced using Roche 454 GS-Junior. The 39,695 reads for 5BS (6% of the total arm length) and 110,793 reads for 5BL (8% of the total arm length) obtained in this work were deposited in the national center for biotechnology information (NCBI) Sequence Read Archive database (http:// www.ncbi.nlm.nih.gov/sra, verified 10 Mar. 2014) under the accession numbers SRR1107726 (5В short arm) and SRR1107725 (5В long arm).
Assessment of the Contents of the Different Repeat Families
To analyze the repetitive sequence fraction we first used RepeatMasker Open-3.0 program (http://www.repeatmasker.org/, verified 10 Mar. 2014) and calculated GC content and total content of satellites, simple repeats, and low complexity regions. For evaluation of the contents and ratios of previously characterized wheat repetitive sequences in Roche 454 reads we performed BLASTN (Camacho et al., 2008) and CENSOR (Kohany et al., 2006) analysis.
To search for sequences of specific interest that are characteristic cytological markers, such as Triticeae satellite repeats Afa, pSc119.2, Spelt1, Spelt52, 5S and 45S rDNA, and centromeric repeats (Mukai et al., 1990; Schneider et al., 2003; Salina et al., 2006) , we used BLASTN. Output for basic local alignment search tool (BLAST) was parsed using a BlastParser program (http:// geneproject.altervista.org/, verified 10 Mar. 2014).
For evaluation of different TE families' content we used CENSOR. As the reference database we used Triticeae repeat database (totalTREP) (downloaded from http://wheat.pw.usda.gov/ITMI/Repeats, verified 20 Mar. 2010). The TE family definition described by Wicker et al. (2007) was used. The CENSOR output was converted to the summary table using a BioPerl script (http://www. bioperl.org/, verified 10 Mar. 2014).
Search of the SSRs and Inverted Repeat Motif Structures
To search for satellite repeat structures such as simple sequence repeats (SSRs), (GAA) n (GGA) m (Pedersen et al., 1996) , and telomeric (TTTAGGG) n satellites (Richards and Ausubel, 1988) , and inverted repeats in chromosome 5B 454 sequences we used a custom script based on the Lempel-Ziv approach, which identified the perfect satellite repeat tracts and inverted, as well as direct, repeat structures in DNA sequences. This program works with different types of repeats and doesn't require sequence alignment. This algorithm implements structural and comparative analysis of the significant amount of collections of DNA fragments of moderate length, developed at the Sobolev Institute of Mathematics (Gusev et al., 1999 (Gusev et al., , 2001 . We used the length threshold of 25 bp (or with multiplicity > 2 for sequence repeat units longer than 12 bp) for perfect satellite tracts (including SSRs and sequences with large repeated units). After processing, we obtained three datasets: 5BLrm, masked sequences from the 5BL; 5BSrm, the same for 5BS sequences; and 5Brm, for entire 5B chromosome. To calculate the degree of similarity between the chromosome 5B sequences and the rice and Brachypodium genomes, we divided each of their chromosomes into nonoverlapped fragments of length 400 kbp for the inner part of the chromosome and shorter fragment at its 3¢ termini. For each genome fragment we analyzed, the set of BLASTN alignments obtained by comparison with 5B chromosome sequences (E-value £ 1e-20; for each of the 5B sequence we used only best alignment with the rice or Brachypodium genome) and counted the number of aligned positions (n a ). We introduced the measure of cover_1 = (n a /L f ) × 100%, where L f is the fragment length, which reflects the degree of coverage of the rice genomic sequences by at least one wheat 5B chromosome 454-sequence. The greater the value of cover_1, the higher the similarity between the 5B sequence and the target chromosome fragment.
Comparison of 5B 454 Dataset with the Wheat Whole Genome Shotgun Sequence Data
To estimate similarity of the 5BLrm and 5BSrm sequences with shotgun wheat genome sequences, we used as a reference the orthologous group assembly (OA) sequences obtained as a result of clustering the 454 reads by sequence similarity to the orthologous grass gene sequences, as well as the low copy number genome assembly (LCG) that was made by filtering out the repetitive sequences and assembling the remaining low copy sequences de novo (Brenchley et al., 2012 ; Genbank IDs GCA_000334135.1 and GCA_000334095.1) We used the BLASTN program from BLAST package with the threshold E-value of 1e-5. Brenchley et al. (2012) classified OA sequences by computational machine learning approach as belonging to different homologous genomes to four categories: three of them (A, B, D) correspond to the wheat genomes A, B, D; and the sequences of the fourth one (X) were not attributed reliably to any of three genomes. Using the megablast program, we searched for the best hit for each of 5B 454-sequences amongst OA dataset. The fraction of 5B 454-sequences that showed no significant similarity with any of the OA sequences under a predetermined threshold (1e-5) were denoted by us as U-type (unclassified). Furthermore, the portion of 5B 454-sequences which had the alignment lengths < 100 bp with OA sequences has also been referred to as type U.
Results
Chromosome Sorting
Histograms of relative chromosome fluorescence intensity (flow karyotypes) obtained after the analysis of DAPI-stained chromosome suspensions comprised peaks I to III representing groups of wheat chromosomes, a peak representing chromosome 3B, and either a peak representing telocentric chromosome 5BS that is smaller than wheat chromosomes (Fig. 1A) or a peak representing isochromosome iso5BL that is larger than chromosome 3B (Fig. 1B) . Telocentric chromosome 5BL could not be sorted from the double ditelosomic line 5B as its peak could not be discriminated from composite peak I (Fig. 1A) . The average purity in chromosome fraction 5BS was 92%, while iso5BL could be sorted at 93% purity. The sorted fractions were contaminated by a random mixture of chromosome and chromatid fragments.
Obtaining the Chromosome 5B Roche 454-sequences
The short and long arms of chromosome 5B were individually sequenced, resulting in 39,695 quality-filtered sequence reads for 5BS (totally 16,183,252 bp, which corresponds to 6% of the total arm length) and 110,793 reads for 5BL (45,307,076 bp and 8% of the arm length). The lengths of the reads ranged from 50 to 600 bp; for 5BL, the mean length was 409 bp. For 5BS, the mean length was 408 bp. The average GC content of the DNA sequences of 5BS and 5BL was found to be 43.3 and 43.4%, respectively. The total repeat content, as calculated by RepeatMasker (http://www.repeatmasker.org/, verified 10 Mar. 2014) and BLASTN (Camacho et al., 2008) search against the TREP database, constituted 70.8% of the 454-sequences for 5BL and 71.9% of the 5BS sequences (Table 1) .
Contents of the Different Repeat Families
First, we searched for repeat families that were used as cytogenetic markers for wheat chromosomes. Using the BLAST search tool, we did not identify any 454 reads corresponding to the sequences of the satellite organized Spelt1 and Spelt52 repeats, which was consistent with the cytological data (Salina et al., 2006) . We identified some pSc119.2 (McIntyre et al., 1990) and Afa repeats (Nagaki et al., 1995;  Table 1 ). The uneven distribution of these repeats between the chromosomal arms was obvious; Afa repeats were more represented in the long arm, while pSc119.2 repeats were found in the short arm. Moreover, we identified 5S rDNA in the sequences of 5BS, which is consistent with its known chromosomal localization by cytogenetic analysis (the 5S rRNA loci were mapped to wheat chromosome arms 1AS, 1DS, 5AS, 5BS, and 5DS) (Mukai et al., 1990) . We also found sequences corresponding to 45S rDNA in the sequences of the 5BL, which was not previously reported and might be an additional minor locus or contamination from chromosomes carrying 45S rDNA loci, such as chromosomes 5DS and 1BS (Dubcovsky and Dvorak, 1995) . However, the latter explanation is less probable, as contamination by other chromosomes was low due to the random mixture of fragments from various chromosomes. Moreover, we searched for (GGA) n (GAA) m microsatellite tracts, which are supposed to be highly represented on chromosome 5B (Cuadrado and Schwarzacher, 1998) . We expected to find reads containing the full or half of the (GGA) n (GAA) m motif, similar to the published GenBank accession z50100 that was isolated from barley [length of 334 bp and consisting of (GGA) n (GAA) m ; Pedersen et al., 1996] , but only several reads corresponding to the long (GGA) n (GAA) m microsatellite tracts were found. Using a custom-made script that implements structural and comparative analyses based on the Lempel-Ziv algorithm (Gusev et al., 1999 (Gusev et al., , 2001 (Gusev et al., , 2009 Orlov et al., 2003) to survey the 454 reads, we identified distinct stretches of (GGA) n (GAA) m microsatellites longer than 25 base pairs (total length 340 bp on the short arm and 1096 bp on the long arm; Table 1 ).
We failed to find any telomeric repeat (TTTAGGG) n stretches longer than 25 bp in the 454 reads using BLASTN, CENSOR, and our custom script, though we expected to find (TTTAGGG) n sequences spanning the whole reads, similar to those reported by Macas et al. (2007) , who found an average of 18 repetitions for that type of sequence. In our analysis, we looked for perfect stretches longer than 25 bp, at least (3.5 repetitions).
To calculate the contents of the different families of TE, we screened the TREP complete database (http:// wheat.pw.usda.gov/ITMI/Repeats/, verified 10 Mar. 2014) with the CENSOR program, which identifies fragments Total amount of simple repeat sequences (2-6 bp motif length) including (GAA) m (GAG) n and nonmentioned motif types. Figure 1 . Histograms of relative fluorescence intensity (flow karyotypes) obtained after the analysis of 4¢, 6 diamidino-2-phenylindole (DAPI) stained chromosome samples prepared from two cytogenetic stocks of bread wheat 'Chinese Spring'. In addition to composite peaks I to III representing groups of wheat chromosomes, and peak representing chromosome 3B, (A) peaks of telocentric chromosome 5BS and (B) isochromosome 5BL are well discriminated in flow karyotypes of double ditelosomic line 5B and isochromosome line iso5BL, respectively. Inset: Examples of flow sorted chromosomes after fluorescence in situ hybridization (FISH) with probe for (GAA) n repeat (yellow-green color). The chromosomes were counterstained by DAPI (blue color). x-axis: DAPI fluorescence intensity; y-axis: number of events.
of DNA sequences homologous to any chosen reference sequences. Approximately 70% of both chromosomal arms consisted of different TEs (Supplemental Table S1 ). We calculated the ratios of the most represented families inside each class and subfamily of TEs between the 5BS and 5BL arms (Fig. 2) . The major TE families were almost equally represented on both arms, except for the predominance of gypsy long terminal repeat (LTR)-retrotransposon Cereba in the 5BS sequences (twofold predominance, 1.19% in 5BL and 2.45% in 5BS). We showed the statistical significance of this difference using Spearman's rank correlation coefficient. Generally, the ratios of the different TE families are in good correlation between the two arms (ρ = 0.9932), but for Cereba, we observed a significant deviation, with a difference of 1.26% between two 5BS and 5BL values, which is higher than the significant deviation value for the dataset equal to 0.325. This element has been linked to the wheat centromeres (Li et al., 2013) , and because the short arm is half the size of the long arm, this difference may be explained if we assume that the centromere is a fixed length that is divided equally between the two arms.
Satellite and Inverted Repeat Motif Structures in 5B 454 Reads
For the structural analysis of each read (identification of tracts of tandem repeats, spaced repetitions, complementary inverted repeats, structures with combinations of different types of repeats), we used a custom script based on the Lempel-Ziv approach (Gusev et al., 1999 (Gusev et al., , 2001 ). We analyzed the frequencies of the different SSR motifs with length from 1 to 6 bp and discovered 262 and 496 SSR tracts in the short and the long arms, respectively (Supplemental Table S2 ). We found no SSR tracts ³ 25 bp for period of 1 bp. The 2 bp motif length was the most frequent (70.6 and 71.6% of the total microsatellite content on 5BS and 5BL). The following by representation are the sequences with the period of 3 bp (23.7% of SSRs for 5BS and 15.5% for 5BL) ( Fig. 3 ; Supplemental Table S2) . With increasing length, we also observed the predominance of hexanucleotides (4.2 and 7.1% of SSRs for the short and the long arms, respectively), while tetra-and pentanucleotides accounted for 3.1 and 1.2% (Supplemental Table S2 ).
Concerning the representation of the different motifs, we analyzed the 2 and 3-bp SSR ( Fig. 3 ; Supplemental Table S2 ). The histograms of the absolute frequency (number of tracts and their length) of the dinucleotide SSR types in the 454 sequences are shown in Fig. 3 . Among dinucleotides, the (TC/GA) n motif predominated and was found in 185 positions in the long arm and in 92 positions in the short arm. Nevertheless, the longest tracts, which reached lengths of more than 300 bp, were observed for the (GT) n motif. Tracts of (GC) n dinucleotides were absent in the chromosome 5B 454 reads, when only tracts longer than 25 bp were considered. One possible reason for this could be the formation of fractal-like secondary structures in the DNA sequences (Gusev et al., 2009) , as well as hairpin structures, that might inhibit their elongation. Among the trinucleotide motifs, (GTT/AAC) and (CTT/AAG) were predominant, while GC rich motifs were extremely rare; only two structures were found in the long arm, and these structures were absent in the short arm. Along with the perfect periodicities mentioned above that are characterized by tandem structures, we found a large number of direct repeats, as well as complementary inverted repeats, in which the distance between them varied widely. The characteristic length of the direct repeat units is 25 to 40 bp, and the maximum length is >100 bp. Most of the repeats are fragments of long, imperfect (distorted) periodicities. The complementary inverted repeats (with a length of the repeat unit ³18) were revealed in 1030 reads (0.9% of the reads) of the long arm and in 313 reads (0.8% of the reads) in the short arm, which is generally proportional to the amount of data presented for each chromosomal arm. The characteristic lengths of the repetitions varied from 18 bp (preset threshold) to 30 bp and above.
We analyzed whether the different kinds of repetitive structures were associated with TEs; using the BLASTN comparison tool, we compared the 454 reads containing the different structures to the TREP database (Table 2) . We calculated the percentage of the TE-associated reads for each group of repetition. About half of the inverted repeats, satellite repeats with long periods (>10 bp) and direct spaced repeats were associated with TEs. For the satellite sequences with a period of <10 bp, we found that 28.2% of them on the short arm and 35.5% of them on the long arm were TE-associated.
Comparison of the 5B 454 Dataset with the Wheat Whole Genome Shotgun Sequence Data
We performed sequence comparison of the 5B 454 sequences obtained in this study with the wheat whole genome shotgun sequences published by Brenchley et al. (2012) . First, we searched for the sequence similarity between the 5BS and 5BL 454 sequences and the LCG and OA wheat genome assemblies with the high identity thresholds of 99 and 95%. The results obtained for 5BS and 5BL were similar (Table 3) . At the level of 99% identity (one change at one hundred nucleotide positions), the comparison showed that approximately 20% of the 5B 454 sequences shared similarity with sequences in the OA or LCG genomic assemblies. The homologous alignment lengths corresponded to 10% (5BS) to 13% (5BL) of the total 454 sequence lengths for each arm. The proportion of sequences similar to the LCG assembly was greater than the proportion similar to OA (based on the use of orthologous gene sequences). By lowering the level of similarity to 95%, the number of homologs found for the both arms increased by several fold, from 20 to 60%, and the length of the aligned fragments reached approximately 32 to 35%. Additionally, we searched for similarity between our 5B 454 sequences with the OA assemblies assigned to individual genomes A, B, D; see Materials and Methods). The results are presented in Table 4 . The proportion of 5B 454 sequences that had the best similarity to the sequences of the A genome group of the OA dataset is less than those with the best similarity to the B and D genome groups. The fraction of sequences with the best homology to the D genome dataset was, on average, 2% higher than for the B genome for both the 5BS and 5BL arms. The largest portion of the 5B 454 sequences showed the best similarity with sequences from group X (approximately 20%). Additionally, we observed that the ratio of 5B sequences that were not assigned to any of the types of the OA genomes accounted for more than half. Large fraction of these unassigned sequences contained a significant portion (>50%) of nucleotides masked as simple repeats (see Supplemental Table S3 ).
We estimated the distribution of the sequence similarity degrees for the 5B 454 sequences that had the highest similarity to the A, B, and D genome groups of the OA (Fig. 4) . The similarity was expressed as the log10 of the BLASTN alignment E-value. The smaller this value is, the higher the level of sequence similarity between the 5B read and the closest OA match. The distribution of the similarity values with the best hit homologs in the A, B, and D genome OA categories was similar for both the 5BS and 5BL 454 sequences. The maximum value for homologous sequences of B and D groups was around -40, while for the sequences of the A genome group, this value was near -20, which indicates a lower degree of sequence similarity with the OA-A sequences. It should be noted that the distribution of the similarity values with the B genome sequences in the OA dataset was shifted to the higher values [log 10 (E-value) from -100 to -60] compared with the A and D genomes. For the values corresponding to an E-value of 0, there was a higher percentage of similar sequences for the A genome type. This could be because more than a third of these sequences had the same level of similarity with any sequence of the A, B, and D genomes; in other words, these sequences were duplicated in the three data sets.
Identification of the Groups of Synteny with Rice and Brachypodium
Because we had only a partial 454 coverage of the 5B chromosome (6% for 5BS and 8% for 5BL), we were not able to characterize the coding fraction in detail, including the assembly of the contigs for coding sequences and further characterization of the contigs. To obtain a general layout of the coding portion of chromosome 5B, we searched for synteny groups with the well-characterized grass genomes, such as rice and Brachypodium.
We performed in silico mapping of the wheat 454 sequences of chromosome 5B to the O. sativa and B. distachyon genomes. The fraction of 454 reads from the long and short arms that did not match any repetitive sequences was aligned to the chromosomal sequences of rice and Brachypodium using the BLAST algorithm, as described in Materials and Methods. We showed that the total alignment length of chromosome 5B sequences that matched with Brachypodium was 1,767,298 and 1,073,526 bp of that matched with the rice genome. The ratio of the hypothetical coding sequences was determined to be 2.0% for total 5BL and 2.07% for 5BS. The cover_1 measure of similarity between 5B sequences and target genome was estimated as described in Materials and Methods. The resulting heat-map image of the cover_1 values along the target chromosomes for the wheat 5B long and short arms is presented in Fig. 5 . Heat map colors on the Fig. 5 indicate variation in the cover_1 parameter from 0 (no hits, dark blue) to maximal value (red) specific for each of the target genome (59% for Brachypodium and 24% for rice). Thus, it could be seen the extent of similarity of our sequence datasets along the chromosomal sequences of rice and Brachypodium.
We observed the presence of homologous (matched) hits with the wheat 5BL chromosomal sequences and rice chromosomes 3 and 9, as well as with Brachypodium chromosomes 1 and 4. For 5ВS, it was shown that there was homology with the distal region on chromosome 12 in rice and chromosome 4 of Brachypodium. These results are in agreement with published data obtained from mapping the wheat ESTs onto the rice and Brachypodium chromosomes (Linkiewicz et al., 2004; The International Brachypodium Initiative, 2010) .
We also observed some regions of homology that were not consistent with earlier data from wheat ESTs, mainly between 5BS and rice chromosomes 1, 4, and 10, as well as 5BL and rice chromosomes 4, 7, 8, 10, and 12 and Brachypodium chromosome 3 (Fig. 5) . The sequence composition of these peaks was analyzed using the BLAST tool with the NCBI (http://blast.ncbi.nlm. nih.gov/Blast.cgi, verified 10 Mar. 2014), Rice Genome Annotation Project (http://rice. plantbiology.msu.edu/, verified 10 Mar. 2014) and GrainGenes (http://wheat. pw.usda.gov/GG2/blast.shtml, verified 10 Mar. 2014) databases. We found that the 5BS sequences that mapped to the Brachypodium chromosomes were similar to the sequence of the gypsy LTR-retrotransposon (E-value < 1e-50, identity > 90%). 5BS and 5BL sequences that Figure 4 . The distribution of the similarity for the best hit homologs of 5BS and 5BL sequences with the A, B, and D groups of orthologous group assembly (OA) sequences (Brenchley et al., 2012) . At the x-axis, the values for sequence similarity measured as BLASTN log 10 (E-value) are represented; and the y-axis is the proportion of sequences, calculated as a percentage from the best hit number.
mapped to other chromosomes of Brachypodium and rice with high homology contained nucleotide sequences of chloroplast and mitochondrial DNA. This could be due to the presence of organellar sequences in the nuclear genomes (International Rice Genome Sequencing Project, 2005; Guo et al., 2008) .
Discussion
In earlier genomic studies, partial 454 sequencing was shown to be effective method to characterize the fraction of repetitive sequences as was shown for pea, soybean, and banana (Macas et al., 2007; Swaminathan et al., 2007; Hřibová et al., 2010) . It has been shown that even low genomic coverage can give an adequate representation of the composition and the ratios of repetitive sequences in the studied genomes. In such way, we rely on the assumption that the partial 454 sequencing gives an adequate view of the 5B chromosomal structure, while simultaneously discussing the possible errors and sources of these errors. Because we have 454 sequences for both arms of chromosome 5B, we compared the two arms to reveal any peculiarities in their structural organization. Additionally, the information about the twofold 454 sequencing of chromosome 5A (5AS and 5AL, separately) is available (Vitulo et al., 2011) ; therefore, we can compare the two genomes of hexaploid wheat. Moreover, the fivefold 454 shotgun sequence of the entire bread wheat genome and some information about the sequencing of 13 Mb contigs of chromosome 3B are available (Choulet et al., 2010; Brenchley et al., 2012) . Thus, we have sufficient information to make some conclusions with regards to the organization of the repetitive sequences in the wheat genome. Wheat 5B sequence reads mapped on the genomes of brachypodium and rice. The chromosomal regions of Brachypodium and rice that showed significant similarity at the nucleotide level with the wheat chromosome 5B 454 reads obtained in this work were plotted along their position on the chromosomes of the respective organism. To highlight regions containing a high proportion of putative homologous sequence reads, the average syntenic content was calculated as the fraction of the 400 kb chromosome segments covered by 5B homologs (cover_1 parameter). Note that color scale is specific for each genome, therefore a direct comparison of the alignment coverage between the different genomes is not possible.
TE Fraction of the Bread Wheat 5B Chromosome
The GC content obtained in this study was 43.3% for the short arm and 43.4% for the long arm of the chromosome. The GC content data for the bread wheat chromosomes 1AL, 4AS, 3A, and 3B are available. These data, which were summarized by Sehgal et al. (2012) , includes results from bacterial artificial chromosome (BAC) end sequences, as well as data from next generation sequencing, and constitutes 44.5 to 44.7% for BAC end sequence data and 41.4% for next generation sequencing Illumina data. Thus, it was shown that Illumina sequencing leads to the underrepresentation of the coding sequences and an overrepresentation of the repetitive sequences.
The results of some studies indicate that multiple displacement amplification (MDA), which we used to amplify the chromosomal DNA in the present study (Šimková et al., 2008) , may introduce a bias in the representation of individual amplified regions (Pinard et al., 2006) ; therefore, we observed a lower GC content than that observed in the BAC end sequences. In the analysis of the 454 sequences of wheat chromosome 5A, it was shown that the MDA step could introduce a bias in the representation of particular groups of elements due to artificial enrichment of discrete groups of abundant TEs. Thus, it was demonstrated that only the specific, highly represented TE families Sabrina and WHAM were overrepresented, while other TE families were adequately represented (Vitulo et al., 2011) ; therefore, we could make conclusions about the TE content in our chromosome 5B 454 sequences.
We found that approximately 70% of both chromosomal arms consisted of different TEs. This ratio is in general agreement with published data on the full and partial sequencing of other wheat chromosomes: twofold 454 coverage of 5A (TEs accounted for 72%), 13 Mb of BAC contigs of 3B (81%), 11 Mb of BAC end sequences for 3A (79.1%), and fivefold 454 coverage of the entire wheat genome (79%) (Choulet et al., 2010; Vitulo et al., 2011; Brenchley et al., 2012; Sehgal et al., 2012) .
The ratio of 454 sequences of chromosome 5B that matched to the TREP database was 71.3% for 5BS and 70.0% for 5BL. This difference in computation may be due to calculation methods; we calculated the amount of base pairs and the percentage from the cumulative read lengths, not the percentage of the matched reads from the total amount of reads.
We calculated the content of each repeat family, as characterized in the TREP database, in our chromosome 5B sequences (Supplemental Table S1 ). Generally, we found results consistent with data from other wheat chromosomes; the most represented subfamily was the gypsy LTR-retrotransposons, which composed approximately 50% of the genomic sequence, and among the gypsy families, Sabrina was the most prevalent (11 to 12% of the A and B genomic sequences; Sehgal et al., 2012) .
We could roughly compare the ratios of the more abundant TE families between our data on chromosome 5B and data published by Vitulo et al. (2011) on 5A (long and short arms, separately). The bulk of the sequences were obtained using the same method (454 sequencing), and some conclusions about the organization of the repetitive fraction of chromosome 5B were made. For chromosome 5A, we recalculated the percentage of the total chromosomal sequence instead of using the published percentage from the repetitive fraction.
The content of the two most represented gypsy-like families, Sabrina (approximately 12%) and WHAM (approximately 6%), was equal. Differences could be observed for other families of TEs. Thus, we observed a slightly higher ratio of the CACTA DNA-transposon Jorge (5.9% for 5B and 3.4 to 4.4% for 5A), gypsy LTR-retrotransposon Fatima (5.1 to 5.4% for 5B and 4.5% for 5A) and gypsy LTR-retrotransposon Sakura (2.6% for 5B and 1.2% for 5A) families in the chromosome 5B reads. In the 5A reads, we observed higher ratios of copia LTR-retrotransposons Angela (3.1% for 5B and 4.4% for 5A) and gypsy LTR-retrotransposon Erika (0.8% for 5B and 1.4 to 2.6% for 5A).
The data about differential TE predominance are consistent with results of Sehgal et al. (2012) concerning the TE contents in sequences from the A, B, and D genomes and, to some extent, are in agreement to fluorescence in situ hybridization data that showed Fatima tends to be concentrated in the wheat B genome (Salina et al., 2011) while Erika in concentrated in the A genome (Zhang et al., 2004) . Generally, the different families of TEs are equally represented in both arms of 5B, except for the obvious difference in gypsy-like Cereba. We saw that the ratio of LTR-retrotransposon Cereba was two times higher in the 5BS arm than in the 5BL arm (2.45% versus 1.19%). Moreover, in the twofold coverage 454 sequences of wheat 5A chromosome, the predominance of Cereba was observed in the short arm (6.7% of total reads) compared with the long arm (1.3% of total reads). Cereba has been shown to be characteristic of the centromeric chromosomal regions of wheat (Li et al., 2013) . Similarly, other centromeric sequences were shown to be 1.5× more prevalent in the short arm of the chromosome than in the long arm (Supplemental Table S1 ). At the same time, as the 5BL arm is 2× longer than 5BS (580 vs. 290 Mb, respectively, Šafář et al., 2010) , the relative abundance of the centromeric sequences may be higher in the 5BS arm in case of equal size of the centromeric regions of both arms. However, chromosome arm 5BS was sequenced as a telocentric chromosome, and its centromere may be expected to be different than the isochromosome iso5BL. Thus, a detailed study of the centromeric chromosomal regions in ditelosomic lines is needed to make any conclusion about the different representations of these TEs.
Satellite Repeats and Other Repeat Structures in Chromosome 5B
The study of different repetitive structures, such as satellite repeats with different motif length, inverted motifs, and direct repeats, are also in the scope of our interest. Simple-sequence repeats or microsatellites represent valuable molecular genetic markers. Other satellite repeats with long repeating units can be valuable cytogenetic markers, as well as the localization of satellite clusters at specific chromosomal locations.
Satellite repeats include microsatellites (SSRs have a short 1-to 6-bp-long motif), minisatellites (7-to 60-bplong motif) and macrosatellites (repetitive units > 100 bp) and consist of multiple repeated tandem arrays of identical motifs. In some cases, the satellite tracts could be presented as a compound of two or more different motifs or may be significantly degenerated. Tracts of satellite repeats can be elongated in organisms through unequal crossing over or replication slippage. The point mutations or the formation of a hairpin structure may stabilize the clusters, hampering elongation (Chambers and MacAvoy, 2000; Schlötterer 2000) . Satellite repeats could possess different natures. Often, they may be a part of a TE, in grass genomes especially the part of DNA transposons such as Afa repeats, and many others (Wicker et al., 2003) . Some microsatellite motifs have specific chromosomal localizations. In the early studies of wheat, rye, and hexaploid triticale (´Triti-cosecale spp.) chromosomes, the physical distribution of 10 simple-sequence repeated DNA motifs (SSRs) was studied using in situ hybridization (Cuadrado and Schwarzacher, 1998) . All of the motifs showed dispersed hybridization signals of varying strengths across the chromosomes. Nevertheless, some motifs, such as (AG) n , (CAT) n , (GAA) n , (GCC) n , and (GACA) n , demonstrated patterns of hybridization in the main to pericentromeric regions and multiple intercalary sites on chromosomes of the B genome and on chromosome 4A of wheat. The signals were found at the related chromosomal positions, independent of the motif used, and showed remarkably similar distribution patterns in wheat and rye, indicating the special role of the SSRs in chromosome organization, possibly as an ancient genomic component of the Triticeae tribe (Cuadrado and Schwarzacher, 1998) . In the Triticeae species, the polypurine motif (GAA) was the most noticeable motif (Pedersen et al., 1996) .
A variety of programs can be used to identify SSRs using different algorithms. The combinatorial strategy is the most precise method to search for perfect microsatellites, whereas a probabilistic-based method uses the statistical assessment of the nucleotide frequencies throughout the genome; alternatively, alignment-based methods use already characterized sequences to identify the SSRs. Earlier, it was shown that 454 sequencing is sufficiently effective at identifying new repetitive motifs and microsatellites in plants (Macas et al., 2007; Tangphatsornruang et al., 2009) . Nevertheless, there are a number of factors that could complicate the identification and description of SSRs when using the combinatorial method. First, satellite tracts are subjected to many kinds of modifications, such as point mutations (substitutions, insertions, and deletions) that result in an imperfect tract of repeats. During the combinatorial search, an imperfect tract is considered to be two perfect tracts. Second, errors can be caused by various factors at different stages of sequencing, including during the preparation of the library, during the PCR and during the sequencing, as reviewed in Balzer et al. (2011) . Compared with other next-generation sequencing methods, 454 sequencing is relatively errorprone, with a mean error rate of 1.07%, and the error rate is not randomly distributed; the rate can occasionally rise to more than 50% in certain positions. The main factors for insertion and deletion errors are related to the presence of homopolymers, the position in the sequence, the size of the sequence, and the spatial localization in the picotiter plates (Balzer et al., 2011) . Thus, a low percentage of reads accounts for a high percentage of errors (Huse et al., 2007) , and sequencing quality decreases toward the end of a read (Hoff, 2009; Balzer et al., 2011) .
We tried to reveal and analyze the different kind of repetitive structures in the 5B 454 reads. We investigated satellite repeats from the shortest (SSR) to the longest lengths (satellite repeats with length > 100 bp), such as Spelt1, Spelt52 (Salina et al., 2006) , Afa, and pSc119.2 (Schneider et al., 2003) , as well as direct repeats (with spaces between repetitive units) and complementary inverted repeats (consisting of two arms of similar DNA sequences that occur adjacent to each other in opposite orientation). Inverted repeats have been shown to play crucial roles in DNA replication and transcriptional regulation in various organisms, as well as translational control (Glucksmann et al., 1992; Jin et al., 1997; Thomson et al., 1999) , and are components of transposons (Wicker et al., 2003) .
First, we tried to identify the known cytological marker sequences (Spelt1, Spelt52, pSc119.2, Afa, 5S rDNA, and 45S rDNA) in the chromosome 5B 454 reads (Table 1 ). The observed distribution of these repeats on the chromosomal arms in general agreed with data obtained by FISH (excluding 45S rDNA locus on chromosome 5BL) (Mukai et al., 1990; Dubcovsky and Dvorak, 1995; Schneider et al., 2003; Salina et al., 2006) . Therefore, concerning the long satellite repeats, our data are consistent with the cytological evidence.
However, for the (GAA) n (GGA) m microsatellites, we observed a more complicated situation. (GAA) n (GGA) m microsatellites are major cytological markers that are present as large FISH loci in the heterochromatic regions on chromosomes of the B genome (Pedersen et al., 1996) . We detected some (GAA) n (GGA) m tracts longer than 25 bp; however, in the positive reads, the (GAA) n (GGA) m sequences were surrounded by different sequence or were located near the end of reads, and there were no reads consisting exceptional of (GAA) n (GGA) m motifs. One possible reason is that the (GAA) n (GGA) m regions fall out or are rejected at the library creation stage before sequencing or at the PCR stage; alternatively, a problem could arise during sequencing, and the reads containing (GAA) n (GGA) m are discarded for quality reasons.
We failed to identify the telomeric (TTTAGGG) n satellite (Richards and Ausubel, 1988) . However, published articles have shown that even 0.77% of coverage by 454 sequencing is enough for adequate genomic representation for this kind of sequence. The Arabidopsistype telomeric sequence (TTTAGGG) n , with an average number of 18 repetitions per read, was found in 14,454 reads of pea genome (Macas et al., 2007) . Moreover, some additional noncanonical variants of the telomeric repeats, (TTTAGG) n and (TTAGG) n , have been found. There may be a high degree of degeneration in the wheat telomeric minisatellites; therefore, we could not detect the telomeric tracts. Nevertheless, in rice, clones containing 17-127 copies of telomeric repeats, with some modifications, such as the TTAGGG variant, were found by subcloning fosmids (Mizuno et al., 2006) . Furthermore, we searched for long (>25 bp) tracts of perfect motifs for other micro-and minisatellites. Thus, the length of the detected tracts may be indicative of the rate of mutation for specific DNA sequences. In the 5B 454 sequences, we found the prevalence of microsatellites with periods of 2 bp and 3 bp which accounted for approximately 70 and 20% of SSRs of chromosome 5B, respectively. Moreover we found the relatively high proportion of hexanucleotides among the SSR tracts longer than 25 bp that could be explained by previously published data, which showed that sequences with periods that are multiples of 3 and 6 bp were predominately found in the EST-SSR sequences (coding regions) and in the protein-coding sequences of different plant taxa, whereas taxon-specific variations in the distribution of repeat motifs have been reported in other genomic fractions (intergenic or introns regions) (Toth et al., 2000; Morgante et al., 2002) . Thus, considering the coding portion of the genome as more conservative, the presence of long tracts of perfect 3 bp and 6 bp SSRs could be expected.
Analyzing the representation of the different motifs of the 2 and 3-bp SSRs we found that our data [prevailing motif was (TC/GA) n ] was largely consistent with SSRs analysis in rice genomic sequences (McCouch, 2002) . We observed the low representation of GC rich motifs and the absence of GC rich tracts longer than 25 bp in the wheat chromosome 5B 454 reads. According to earlier data on the analysis of SSRs in plant genomes, genomic SSRs with GC rich motif repeats are rare in most plants. In contrast, GC rich motifs have been reported as frequent in studies analyzing the SSRs from ESTs and genomic sequences with methylation filtration. Thus, GC rich SSRs are most likely derived from the coding region of the genome (Thiel et al., 2003; Yu et al., 2004; Nicot et al., 2004; Yonemaru et al., 2009) . Because of the possible underrepresentation of coding sequences in the 454 reads, which is likely due to the effect of MDA, GC rich SSRs could also be underrepresented. Additionally, GC rich SSRs may have a tract lengths shorter than 25 bp, similar to the genomic sequences of rice (McCouch, 2002) , and were not identified in our search.
We analyzed the association of the satellite repeats with the TEs. Concerning satellite sequences with a period < 10 bp, we found that only 28.2% of these sequences on the short arm and 35.5% of these sequences on the long arm were associated with TEs; this result could be due to the fact that microsatellites are more frequently associated with coding sequences.
Comparison of the 5B 454 Dataset with the Wheat Whole Genome Shotgun Sequence Data
To check the efficiency of the recovery of 5B chromosome sequences obtained by low-pass chromosome sequencing and to test the validity of the small dataset, we compared the sequences obtained in this study with the whole genome shotgun sequences obtained by Brenchley et al. (2012) .
First, we examined the extent to which our 454 sequences were included in the whole genome shotgun sequences, which was approximately 5× coverage. Comparison of the 5BS and 5BL 454 sequences and the LCG and OA wheat genome assemblies showed that, under a high level of 99% identity, only about 20% of the 454 reads matched the LCG and OA datasets. When the identity level was decreased to 95%, the ratio of matched 5B reads increased three-fold, and this result could be explained by the identification of additional sequences that recently diverged into homologous copies, such as TEs.
Second, we tested the affinity of 5B 454 sequences from flow-sorted chromosomes with the whole genome OA assemblies assigned to individual genomes using bioinformatics methods. We found the fewest homologous sequences in the A genome group, and a somewhat larger (by 2%) proportion of homologs for the D genome OA than for the B genome. This result could be explained by the incompleteness of the data both in our work and in previous wheat genome assemblies; additionally, sequence classification into the A, B, and D genomic types was performed on the basis of bioinformatics methods, which could introduce a certain amount of the error into the analysis (Brenchley et al., 2012) . Nevertheless, analyzing the distribution of sequence similarity degrees for the 5B 454 sequences that had the highest similarity to the A, B, and D genome OA groups (Fig.  4 ), we demonstrated a high level of sequence similarity between our 5B 454 sequencing data and the B genome OA sequences assembled from the whole wheat genome.
In general, this analysis showed that, despite significant progress in wheat genome sequencing and the presence of the first drafts of the assemblies, further efforts are required to increase the sequence coverage of wheat chromosomes. The results show that, even using data from a low-coverage sequencing experiment, we could detect a significant proportion of unique sequences.
Identification of the Synteny Groups with Rice and Brachypodium
The analysis of the nucleotide sequences of large genomes, like wheat, using next generation sequencing technologies, with sufficient coverage, allows for the assembly of the bulk of sequences (either 454 sequencing, Illumina or SoLiD) into contigs, thus reconstructing low copy and unique sequences that could have coding capacity, such as hypothetical genes. For bread wheat and other species of the Triticeae tribe, the complete reference genomic sequences are not currently available. Using next generation sequencing data, we cannot draw conclusions about the linear order of the coding sequences along the chromosomes. Nevertheless, it is known that there is the significant level of collinearity between the grass genomes (Moore et al., 1995) . Early works devoted to the analysis of homology between the chromosomes of different grass species were based on mapping ESTs sequences, and these studies provided an important framework of the genome structure. Thus, for the wheat chromosome group 5 (5A, 5B, and 5D), highdensity deletion bin maps were constructed, including 2338 loci mapped using 1052 EST probes and 217 previously mapped loci (total 2555 loci) (Linkiewicz et al., 2004) . Good overall collinearity was observed among the three homologous group 5 chromosomes, except for the previously known 5AL/4AL translocation and a putative small pericentric inversion in chromosome 5A. Statistically significant collinearity was observed between low-copy-number ESTs from wheat homologous group 5 and rice chromosomes 12, 9, and 3.
The high-quality reference genomic sequences for rice, Brachypodium, and sorghum are now available and could be used to search for syntenic regions between individual wheat chromosomes and other grass genomes.
The low coverage of our 5B sequencing data did not allow us to establish a "genome zipper," as was used for the 454 sequences representing twofold coverage of wheat chromosome 5A (Vitulo et al., 2011) . In our work, we searched for syntenic regions to identify conserved groups of synteny with the rice and Brachypodium genomes. As a result, we revealed the presence of homology between the sequences of the long arm of chromosome 5B and chromosomes 3 and 9 of rice and chromosomes 1 and 4 of Brachypodium. For the short arm of chromosome 5B, homology was observed with rice chromosome 12 and Brachypodium chromosome 4. These results are consistent with earlier data that mapped EST sequences of the genomes of wheat, rice, and Brachypodium (Linkiewicz et al., 2004; The International Brachypodium Initiative, 2010) . However, we cannot completely exclude the possibility that some of these signals are due to the contamination of the sorted fractions by other chromosomes.
Comparing wheat reads with the sequences of rice and Brachypodium, we shown 1,767,298 bp as total length of aligned wheat sequences that matched with Brachypodium and 1,073,526 bp that matched with the rice genome. The ratio of the hypothetical coding sequences was approximately determined to be 2.0% for total 5BL and 2.07% for 5BS, which is higher than that obtained for chromosome 5A (approximately 1%) (Vitulo et al., 2011) . This difference was most likely due to bias caused by small sequence representation of chromosome 5B. At the resulting picture that we obtained with the 454-reads that were plotted along their position over the chromosomes of respective species, highlighted regions coincided with the earlier data on mapping EST, so even using a small chromosomal coverage we managed to compile a relatively adequate picture of the coding sequences.
Conclusions
In this work, we obtained the first low-coverage 454 sequence data for the long and short arms of wheat chromosome 5В (8 and 6% of total 5BL and 5BS length, respectively) and applied bioinformatics approaches to analyze the bulk of the 454 sequences. We calculated the ratios of the major families of repetitive sequences using the BLASTN and CENSOR programs and identified the different types of satellites and inverted repeats and analyzed their relative frequencies in the chromosome 5B 454 sequences using a custom program. In silico mapping of the 5B 454 sequences to rice and Brachypodium chromosomes was performed, and the obtained blocks of synteny were in good agreement with data from EST mapping experiments. Therefore, we obtained an adequate representation of the structural organization of wheat chromosome 5B, including useful information about the repeat families and coding sequences, using low coverage 454 sequencing.
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